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USE OF AMORPHOUS CARBON FILM AS A HARDMASK IN THE FABRICATION 

OF OPTICAL WAVEGUIDES 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] Embodiments of the present invention generally relate to methods and 
apparatus for fabricating optical devices, such as optical integrated circuits (ICs). 

Description of the Related Art 

[0002] Optical systems are emerging technologies that offer solutions to many 
previously unsolvable technological problems. Thus, optical systems are now 
gaining an ever increasing importance in the technology world of today. Generally, 
optical systems utilize pulses of light rather than electric current to carry out such 
functions as data transmission, data routing, or other forms of data communication 
or data processing. One important structure commonly utilized in optical systems is 
an optical waveguide. 

[0003] Optical waveguides are used to confine and direct light between the 
various components of an optical system. For example, optical waveguides may be 
used to carry Dense Wavelength Division Multiplexed (DWDM) light, which is used 
to increase the number of wavelengths in a single waveguide to achieve a higher 
aggregate bandwidth. FIG. 1 is a cross-sectional view of an optical fiber waveguide. 
The general structure of an optical waveguide 100 comprises two principal 
components: a core 103 surrounded by one or more cladding layers 102, 106. The 
core 103 is the inner part of the fiber through which light is guided. It is surrounded 
completely by the cladding layers 102, 106, which generally, have lower refractive 
indexes than the core 103 to allow a light ray 105 in the core 103 that strikes the 
core/cladding boundary at a glancing angle to be confined within the core 103 by 
total internal reflection. The confinement angle Oc represents an upper limit for the 
angle at which the light ray 105 can strike the boundary and be confined within the 
core 103. 
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[0004] Fabrication of planar optical components on silicon and silica substrates 
currently exists. The waveguide must be isolated from the silicon substrate to avoid 
interfering with the light wave traveling down the waveguide as shown with the 
cladding layers 102, 106 in Figure 1. Light waves traveling in a waveguide comprise 
two orthogonally polarized modes. For waveguide applications, one polarization is 
horizontal to the substrate and the other polarization is orthogonal to the substrate. 
If the lower cladding is too thin, the two orthogonal modes see a different effective 
refractive index resulting in birefringence, a consequential dispersion phenomenon 
that would limit the width of the transmission window. 

[0005] A conventional waveguide structure requires at least three deposition 
steps and one mask level. For example, the lower cladding layer must first be 
deposited to isolate the substrate from the waveguide structure. Next, a core layer 
is deposited and patterned with a mask layer to form the waveguide paths. An 
upper cladding layer is then deposited thereover. The upper cladding layer must be 
thick enough to prevent interference from external ambient light, i.e., light from the 
environment outside the device. In addition, each of these layers may, and currently 
do, require post deposition heat treatment to obtain the desired optical properties. 

[0006] However, the use of traditional mask materials to pattern and etch the 
core material 103, such as photoresist and/or silicon nitride has resulted in 
difficulties in forming the patterned core materials 103. Further, photoresist material 
and silicon nitride have had difficulties in being removed from the core material 
without forming defects in the core material, such as malformed features and 
roughing the core material surfaces. Such defects may result in propagation loss or 
attenuation, one optical waveguide core characteristic that is critical to the 
performance of an optical system. 

[0007] Attenuation refers to the loss of light energy as a pulse of light propagates 
down a waveguide channel. The two primary mechanisms of propagation loss are 
absorption and scattering. Absorption is caused by the interaction of the propagating 
light with impurities in or on the waveguide channel, such as insufficiently removed 
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mask residues. For example, electrons in the impurities may absorb the light energy 
and undergo transitions or give up the absorbed energy by emitting light at other 
wavelengths or in the form of vibrational energy (i.e., heat or photons). The second 
primary mechanism, scattering, results from imperfections in the surfaces of the core 
materials that cause light to be redirected out of the fiber, thus leading to an 
additional loss of light energy. 

[0008] Thus, there is a need for an improved method of manufacturing optical 
waveguides with minimal propagation loss. 

SUMMARY OF THE INVENTION 

[0009] The present invention generally provides methods for forming optical 
devices, such as waveguides, with minimal defect formation. In one aspect, the 
invention provides a method for forming a waveguide structure on a substrate 
surface including forming a cladding layer on the substrate surface, forming a core 
layer on the cladding layer, depositing an amorphous carbon hardmask on the core 
layer, forming a patterned photoresist layer on the amorphous carbon hardmask, 
etching the amorphous carbon hardmask, and etching the core material. 

[0010] In another aspect, the invention provides a method for forming a 
waveguide structure on a substrate surface including forming a first cladding layer 
on the substrate surface, forming a core layer on the first cladding layer, depositing 
an amorphous carbon hardmask on the core layer, forming a patterned photoresist 
layer on the amorphous carbon hardmask, etching the amorphous carbon 
hardmask, etching the core material, removing the amorphous carbon hardmask, 
and forming a second cladding over the exposed core material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] So that the manner in which the above recited features of the present 
invention can be understood in detail, a more particular description of the invention, 
briefly summarized above, may be had by reference to embodiments, some of which 
are illustrated in the appended drawings. It is to be noted, however, that the 
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appended drawings illustrate only typical embodiments of this invention and are 
therefore not to be considered limiting of Its scope, for the invention may admit to 
other equally effective embodiments, 

[0012] Figure 1 is a prior art cross-sectional view of an optical waveguide; 

[0013] Figure 2 is a schematic partial view of one embodiment of a cluster tool for 
executing processing steps of the present invention; and 

[0014] Figures 3A-3E illustrate one embodiment of a method for fomning an 
optical waveguide. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0015] Aspects of the invention generally provide methods for depositing, 

processing and removing amorphous carbon material disposed on a core material 

with minimal or reduced defect fomiation in fomning optical devices, such ae 

waveguides. The words and phrases used herein should be given their ordinary and 

customary meaning in the art by one skilled in the art unless othenwise further 

defined. 

[0016] Figure 2 is a schematic partial view of one embodiment of a conventional 
cluster tool, or integrated system, for executing processing steps described herein. 
An integrated system is desirable to perfonn a sequence of processing steps while 
maintaining the substrate in a vacuum environment to reduce contamination and 
increase throughput. It is contemplated to execute certain processing steps of the 
novel technique in a cluster tool, similar to, for example, the cluster tool l<nown as 
the Centura® system manufactured by Applied Materials, Inc. of Santa Clara, 
California. 

[0017] As schematically illustrated in Figure 2, an exemplary cluster tool 200 
includes, for example, four process chambers 204, 206, 208, 210, a transfer 
chamber 212, orienter/cooldown chambers 202. and loadlock chambers 220 and 
222. The transfer chamber 212 is centrally located with respect to the loadlock 
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chambers 220 and 222, the orienter/cooldown chamber 202 and process chambers 
204,206.208.210. 

[0018] The processing chambers 204, 206, 208, 210, may be adapted to perform 
any number of process steps of the invention including, for example, material 
deposition, etching, photoresist removal, planarization, and amorphous carbon 
removal, among others. The processing chambers 204, 206, 208, and 210, may 
comprise all deposition chambers, all etching chambers, or a combination of 
deposition and etching chambers. Suitable deposition chambers include parallel 
plate chambers, such as the DxZ™ deposition chamber, XT Producer™ deposition 
chamber, and the XL deposition chamber, all commercially available from by Applied 
Materials, Inc. of Santa Clara, California. Suitable etch chambers include reactive 
ion etch chambers, such as the EMax™ etch chamber, the MxP+™ etch chamber, 
the EMxP+™ etch chamber, and the Super EMxP+™ etch chamber deposition 
chamber, all commercially available from by Applied Materials, Inc. of Santa Clara, 
California. 

[0019] To effectuate substrate transfer amongst the chambers, the transfer 
chamber 212 contains a robotic transfer mechanism 224. The transfer chamber 212 
has access to the four process chambers 204, 206, 208, and 210, as well as the 
orientor/cooldov\/n chambers 202 and loadlocks 220 and 222. Substrate 228 may be 
transfenred from storage to the system in a transport cassette 226 that is placed 
within loadlock chamber 220. The robotic transport mechanism 224 transports the 
structure 228 from cassette 226 to any of the four process chambers 204, 206, 208 
and 210 or orientor/cooldown chambers 202. Typically, a given substrate 228 is first 
placed in the orientor/cooldown chamber 202 and transferred to process chambers 
204, 206, 208, and 210, for processing, such as deposition or etching. Individual 
substrates 228 are canied upon a transport blade 230 that is located at the distal 
end of the robotic mechanism 224. The transport operation can be controlled by a 
controller 236. 
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[0020] Once the substrate 228 has been processed in chamber 204. the 
substrate can be transported to, for example, chamber 210, for additional processing 
if necessary. Following completion of processing within the process chambers, the 
transport mechanism 224 moves the substrate from the process chamber and 
transports the structure to the cooldown chamber 202. The substrate is then 
removed from the cooldown chamber using the transport mechanism 224 within the 
transfer chamber 212. Lastly, the processed substrate 228 is placed in the transport 
cassette 227 within the loadlock chamber 222. 

[0021] The controller 236 may include conventional computers and computer 
systems including one or more computers that are operably connected to other 
computers or to a network of computers or data processing devices. Suitable 
computers include computers commonly known as personal computers. The data 
structure that is used by controller 236 can be stored on a removable electronic data 
storage medium such as computer floppy diskSi removable computer hard disks, 
magnetic tapes and optical disks, to facilitate the use of the same data structure at 
different manufacturing locations. Alternatively, the data structure can be stored on a 
non-removable electronic data storage medium, including a medium positioned at a 
location that is remote (not shown) from controller 236, using such data storage 
devices conventionally known. The data structure can be communicated from a 
remote location to controller 236 using communicating techniques including, for 
example, hard wire connections, wireless connections and data communication 
methods utilizing one or more modems or techniques using one or niore computers 
commonly known as servers. The data storage medium can be operably connected 
to the controller using conventional methods and device components. 

Fabrication Process 

[0022] Figures 3A-3G illustrate one embodiment of sequence of deposition and 
etching steps of the present invention, wherein the substrate is maintained in a 
vacuum environment thus minimizing, or avoiding, the possible degradation of 
etched surfaces resulting from breaking vacuum prior to a subsequent layer 
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deposition on the etched surface. In the illustrative process shown in Figures 3A- 
3G, a blanket-etch approach may be used that includes fonming a continuous core 
layer across the entire substrate, then defining the optical cores by patterning, and 
then etching away unwanted portions of the core layer. 

[0023] As shown in Figure 3A, a stack of material is deposited on a substrate 300 
of a suitable material, for example, silica, to begin the fabrication process. A first 
cladding layer 310 of a dielectric material, such as silicon oxide, Is disposed on the 
substrate 300, such as epitaxial silicon. A core material 320 is deposited on the first 
cladding layer 310. An amorphous carbon later 330 is deposited as a hardmask on 
the core material 320. A photoresist material 340 is deposited on the amorphous 
carbon layer 330. 

[0024] The cladding layer 310 may comprise any material having a lower 
refractive index than the core material 320. In one example, a silicon-based 
dielectric material having a higher refractive index less than the core material may 
be used and may include undoped silica (Si02) glass ("USG"), thermal oxides, such 
as a high-pressure oxide, or silicon dioxide doped with boron and phosphorous. 

[0025] An example of a deposition process includes depositing on the substrate 
3000, a cladding layer 310 of silicon dioxide doped with boron and phosphorous 
(BPSG) by introducing tetraethyloxysilane (Si(OC2H5)4). (TEOS) at a flow rate of 
about 700 mgm, triethylborate (TEB) at a flow rate of about 230 mgm, 
trietylphosphate (TEPO) at a flow of about 42 mgm, oxygen gas at a flow rate of 
about 650 seem, and an inert gas at a flow rate of about 600 seem, into a PECVD 
reactor maintained at a temperature between about 350*0 and about SSO'C, for 
example, between about 400°C and about 480''C, at a chamber pressure of 9 Torr 
and generating a plasma at an RF power of about 1150 watts to deposit a layer 
having a thickness of about 5 microns that can be deposited in about 5 minutes, a 
deposition rate of about 1 micron/min. 

[0026] The core material 320 may comprise a material suitable for allowing light 
to pass therethrough with minimal degradation of the signal. Suitable core materials 
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include germanium doped silicon dioxide, germanium boron doped silicon dioxide 
silicon-germanium compositions, phosphorous doped silicon dioxide, and 
combinations thereof. The material, may be deposited by physical vapor deposition 
techniques, chemical vapor deposition techniques including high-density plasma 
process such as an HDP-CVD process or an HDP-ECR process, or othier suitable 
deposition techniques conventionally used to deposit such materials. 

(0027] An example of the deposition of a core material is introducing reactant 
gases comprising silane and phosphorous, derived from phosphine (PH3), and an 
oxidizing gas, such as oxygen, into the PECVD reactor heated at between about 
350°C and about 550X, for example, between about 400'C and about 480X for a 
period of about 5 minutes to form a phosphorous doped silicon oxide layer about 5 
microns thick at typical conditions of RF power, chamber pressure, and source 
fluxes used in the deposition of silane-based oxides in the silicon industry. 

[0028] Another example of the deposition of a core material is introducing 
reactant gases comprising germane (GeH4) at a flow rate of about 220 seem, silane 
at a flow rate of about 200 seem, and nitrous oxide (N2O), an oxidizing gas, at a flow 
rate of 2400 seem, into the PECVD reactor heated at between about SSOX and 
about 550°C, for example, between about 400°C and about 480X, at a chamber 
pressure of about 4 Torr, and generating a plasma by applying a first RF power of 
about 380 Watts at 13.56 MHz and a second RF power of about 180 Watts and 
about 350 KHz to deposit gemanium doped silicon oxide material at a deposition 
rate of up to about 1 .8 microns/minute. 

[0029] A particular advantage of using a silane based PECVD process to fpmi 
the core material 320 is that silane provides a highly stoichiometric composition of 
Silicon dioxide on which the index of refraction of silicon dioxide is dependent. The 
stoichiometric silicon dioxide material has the lowest optical loss of silicon:oxide 
atomic rations. Furthemnore, it is believed that silane deposits films with lower 
carbon content than precursors, such as TEOS. which, when combined with an 
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oversaturation of oxygen, produces a highly stoichiometric composition of silicon 
dioxide. 

[00301 The core material 320 as described herein may have a refractive index 
differential from the cladding layers sufficient to provide optical waveguiding in the 
core layer for most integrated optics applications. The core material generally has a 
refractive index between about 0.5% and about 1.5%. such as about 1% difference, 
greater than a cladding layer. For example, about 1% refractive index step between 
the core material 320 and the cladding layers has been determined to achieve low 
loss in the waveguide and make it possible to introduce curved sections having a 
radius of curvature as small as 15 mm without additional losses. Further, a 
waveguide formed using about 1 % refractive index step can have a core size and far 
field pattern readily matching those of standard optical fibers, thus permitting 
efficient coupling of such waveguide devices to optical fibers. 

[00311 The difference between the cladding layer and core material refractive 
index may be between about 0.5% and about 1,5%, such as about 1% difference, 
for an oxide core material. For example, The refractive index difference can be 
stated as a refractive difference of the core material greater than the cladding 
material of up to about 0.06, such as between about 0.01 and about 0.022, for 
example, about 0.015, for a silica cladding layer versus. a doped oxide as the core 
material. The material may be deposited by physical vapor deposition techniques, 
chemical vapor deposition techniques, or other suitable deposition techniques 
conventionally used to deposit such materials. Dopants, such as boron and 
phosphorus, are incorporated iri the dielectric material to alter optical materials. 

[00321 Alternatively, other silicon containing material may be used for the core 
material, which provides for a refractive index difference and percentage difference. 
For example, silicon nitride has a refractive index of about 2 compared to doped 
silica index of about 1.445. with a-difference in the refractive indexes of up to about 
0.6, and typically between about 0.02 and about 0.6. Silicon oxynitride may also be 
used as a core material and provide a difference between the cladding layer and 
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core material refractive index up to about 1 .7%. The invention further contemplates 
that the refractive indexes of the core material and the cladding materials may 
change based on the materials presently known or unknown being used, and that 
such materials are contemplated in the processes described herein. 

[0033] The cladding layers and the core material may be deposited in one or 
more layers of approximately 5 to 6 microns in thickness. For example, a 15 micron 
thickness for the cladding layer 310 may be deposited by three 5 micron layers. The 
cladding layers and the core material may be thermally treated after each deposition 
process to improve layer properties and improve uniformity, A thermal treatment 
may comprise exposing the deposited material to a temperature between about 
1000X and about 11 00**C for a time between about 2 and about 4 hours. For 
example, a thermal treatment may be made after every 5 micron deposition for a 15 
micron cladding layer. 

[0034] Next, a hardmask layer 330 rriay be deposited on the core material. The 
hardmask material generally comprises amorphous carbon. The amorphous carbon 
material is deposited on a core material for patterning and etching the core material 
320 to form the desired structures therein. The amorphous carbon material provides 
an etch selectivity, or removal rate ratio, to the core material (amorphous 
carbonxore material) of greater than 1:5, such as between about 1:8 and about 
1:15. It is believed that the use of amorphous carbon as a strippable hardmask 
provides a greater etch selectivity for "deep" oxide etch of up to 7 oxide in depth. 

[0035] An amorphous carbon layer may be deposited by a process including 
introducing a gas mixture of one or more hydrocarbon compounds into a processing 
chamber. The hydrocarbon compound preferably has a formula CxHy, where x has a 
range of between 2 and 4 and y has a range of between 2 and 10. For example, 
propylene (CsHe). propyne (C3H4). jDropane (CaHe). butane (C4H10), butylene (C4H8), 
butadiene (C4H6). or acetelyne (C2H2) as well as combinations thereof, may be used 
as the hydrocarbon compound. Alternatively, compounds having five or more carbon 
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atoms, such as benzene or toluene may be used to form the amorphous carbon 
layer. 

[0036] Optionally, an inert gas of noble gases, including Argon (Ar) and Helium 
(He), and relatively inert gases, such as nitrogen (N2). may be included in the 
processing gas. Inert gases may be used to control the density and deposition rate 
of the amorphous carbon layer. A mixture of reactive gases and inert gases may be 
added to the processing gas to deposit an amorphous carbon layer. Similarly, a 
variety of reactive processing gases may be added to the gas mixture to modify 
properties of the amorphous carbon material. Reactive gases, such as hydrogen 
(H2), ammonia (NH3), a mixture of hydrogen (H2) and nitrogen (.N2), or combinations 
thereof may be used to control the hydrogen ratio of the amorphous carbon layer to 
control layer properties, such as reflectivity. The amorphous carbon material may 
include dopants, such as halides, for example, fluorine, which may be introduced 
into the material by partially or fully fluorinated hydrocarbons. Processing gases 
other than the hydrocarbon gas may respectively be introduced into the system at 
flow rates between about 50 and about 5000 seem for a 200 mm substrate; 

[0037] The amorphous carbon layer is then deposited from the processing gas 
using the following deposition process parameters. The substrate is maintained at a 
substrate temperature between about lOCC and about 550°C, such as between 
about 350°C and about 500°C. a chamber pressure is maintained between about 
1 Torr and about 20 Torr, the hydrocarbon gas (CxHy) has a flow rate between about 
50 seem and about 5000 seem for a 200 mm substrate, a plasma is generated by 
applying a RF power of between about 0.05 W/cm^ and about 4 W/em^, or between 
about 20 watts (w) and about 1000 W for a 200 mm substrate, with a gas distributor 
being between about 300 mils and about 600 mils from the substrate surface. The 
above process parameters provide a typical deposition rate for the amorphous 
carbon layer in the range of about 500 A/min to about 4000 A/min and can be 
implemented on a 200 mm substrate in a deposition chamber, such as the DxZ™ 
processing chamber commercially available from Applied Materials, Inc. The 
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amorphous carbon deposition parameters provided herein are illustrative and should 
not be construed as limiting the scope of the invention. 

[0038] Alternatively, a dual-frequency system may be applied to deposit the 
amorphous carbon material. A dual-frequency source of mixed RF power provides a 
high frequency power in a range between about 10 MHz and about 30 MHz, for 
example, about 13.56 MHz, as well as a low frequency power in a range of between 
about 100 KHz and about 500 KHz. for example, about 350 KHz. An example of a 
mixed frequency RF power application may include a first RF power with a 
frequency in a range of about 10 MHz and about 30 MHz at a power in a range of 
about 200 watts to about 1000 watts and at least a second RF power with a 
frequency in a range of between about 100 KHz and about 500 KHz as well as a 
power in a range of about 1 watt to about 200 watts. The ratio of the second RF 
power to the total mixed frequency power is preferably less than about 0.6 to 1.0. 
Alternatively, a dual-frequency system may be used to deposit the cladding and core 
materials as described herein. 

[0039] The high frequency RF power and the low frequency RF power may be 
coupled to a gas distributor, or showerhead, a substrate support, or one may be 
coupled to the showerhead and the other to the support pedestal. Details of the 
mixed RF power source 119 are described in commonly assigned U. S. Patent 
6,041.734, entitled, "Use of an Asymmetric Waveform to Control Ion Bombardment 
During Substrate Processing", Issued on March 28, 2000. and is herein incorporated 
by reference. 

[0040] One example of the deposition of an amorphous carbon layer includes 
introducing propylene (CaHe) at a flow rate between about 140 and about 600 seem, 
helium at a flow rate of about 325 seem, into the PECVD reactor heated at about 
550^*0 and at a chamber pressure between about 6 Torr and about 8 Torr, and 
generating a plasma by applying a . RF power of about 700 Watts at 13.56 MHz with 
a spacing between the distributor (showerhead) and substrate between about 220 
mils and about 270 mils. 
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[0041] The amorphous carbon layer comprises carbon and hydrogen atoms, 
which may be an adjustable carbon:hydrogen ratio that ranges from about 10 % 
hydrogen to about 60 % hydrogen. Controlling the hydrogen ratio of the amorphous 
carbon layer is desirable for tuning the respective optical properties, etch selectivity 
and chemical mechanical polishing resistance properties. Specifically, as the 
hydrogen content decreases the optical properties of the as-deposited layer such as 
for example, the index of refraction (n) and the absorption coefficient (k) increase. 
Similarly, as the hydrogen content decreases the etch resistance of the amorphous 
carbon layer increases. 

[0042] The light absorption coefficient, k, of the amorphous carbon layer can be 
varied between about 0.1 to about 1.0 at wavelengths below about 250 nm, such as 
between about 193 nm and about 250 nm, making the amorphous carbon layer 
suitable for use as a hardmask. The absorption coefficient of the amorphous carbon 
layer can be varied as a function of the deposition temperature. Iri particular, as the 
temperature increases the absorption coefficient of the as-deposited layer likewise 
increases. For example, when propylene is the hydrocarbon compound the k value 
for the as-deposited amorphous carbon layers can be increased from about 0.2 to 
about 0.7 by increasing the deposition temperature from about 150 °C to about 480 
°C. 

[0043] The absorption coefficient of the amorphous carbon layer can also be 
varied as a function of the additive used in the gas mixture. In particular, the 
presence of hydrogen (Ha), ammonia (NH3), and nitrogen (N2). or combinations 
thereof, in the gas mixture can increase the k value by about 10 % to about 100 %. 
The amorphous carbon layer is further described in commonly assigned U.S. Patent 
No. 6,573,030, issued June 3, 2003, entitled, "Method for Depositing an Amorphous 
Carbon Layer", which is incorporated herein to the extent not inconsistent with the 
claimed aspects and description herein. 

[0044] In an alternate embodiment, the amorphous carbon layer can have an 
absorption coefficient (k) that varies across the thickness of the layer. That is, the 
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amorphous carbon layer can have an absorption coefficient gradient formed therein. 
Such a gradient Is formed as a function of the temperature and the composition of 
the gas mixture during layer formation. 

[0045] At any interface between two material layers, reflections can occur 
because of differences In their refractive indices (n) and absorption coefficients (k). 
When the amorphous carbon hardmask has a gradient, it is possible to rhatch the 
refractive indices (n) and the absorption coefficients (k) of the two material layers so 
there is minimal reflection and maximum transmission Into the amorphous carbon 
hardmask. Then the refractive index (n) and absorption coefficient (k) of the 
amorphous carbon hardmask can be gradually adjusted to absorb all of the light 
transmitted therein. 

[00461 An energy resist layier 340, such as a photoresist or e-beam resist, may 
then be deposited on the hardmask layer 330. An energy resist material 340 is 
deposited and patterned on the surface of the hardmask layer 330 as shown in 
Figure 3B. The resist layer 150 can be spin coated on the substrate to a thickness 
within the range of about 200 A to about 6000A. Photoresist materials are sensitive 
to ultraviolet (UV) radiation having a wavelength less than about 450 nm. DUV resist 
materials are sensitive to UV radiation having wavelengths of 245 nm or 193 nm. 
An image of a pattern is introduced into the layer of resist material 150 by exposure 
to UV radiation via a photolithographic reticle. The image of the pattern introduced in 
the layer of resist material 150 is developed in an appropriate developer to define 
the pattern as shown in Figure 1 A. 

[0047] The pattern defined in the energy resist layer 340 is transferred through 
the hardmask layer 330 as shown in Figure 3C. The pattern is transferred through 
the hardmask layer 330 by etching using an appropriate chemical etchant. For 
example, plasmas of ozone, oxygen, flurorcairbons, hydrogen^ halide-containing 
compounds, ammonia, or combinations thereof may be used to etch amorphous 
carbon materials. Multiple etching step including variable etching gas composition 
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may be use to etch through the hardmask layer 330. Optionally, any remaining 
resist material after the etching process may be removed prior to further processing. 

[00481 The patterned formed in the hardmask layer 330 may then be transferred 
to the core material layer 320 and any intervening layer by etching using an 
appropriate chemical etchant to form features 360 as shown in Figure 3C. For 
example, if the core material 320 comprises a Germanium doped sijicon oxide layer, 
an etchant gas of oxygen and fluorocarbons may be used. Other compounds, such 
as hydrocarbons, such as methane and ethane cohimonly used in via etch gases 
may also be used. Hardmask layer 330 is utilized for subtractively anisotropically 

etching the core material 320. The etch procedure of the embodiment may over- 

I 

etch the core material 320 to ensure complete formation of structures 320. 
Preferably, the etch processes provide optically smooth side surfaces to minimize 
any interference with optical properties of the core material 320 and any adjacent 
cladding layers. 

[0049] An anneal step as described as a thermal treatment herein may also be 
included before the core material 320 etch process to further improve optical quality 
to reduce any propagation loss. An anneal step, for example, may utilize a 
temperature between about 1000X and about 1100°C. for between about 2 and 
about 4 hours, such as an anneal step carried out at lOOO^'C for 2 hours. 

[0050] The hardmask layer 330 is then removed from the core material surface 
320 as shown in Figure 3D. Optionally, while not shown, an etch back step can be 
employed to obtain an optically smooth top surface of the core material 320 after 
removal of the hardmask layer 330. Removal of the amorphous carbon material 
from the core material may be achieved by subjecting the amorphous carbon layer 
to a plasma of a hydrogen-containing gas and/or an oxygen-containing gas. The 
plasma of the hydrogen-containing gas and/or the oxygen-containing gas is believed 
to remove the amorphous carbon material with minimal effect of the surface 
roughness of the core material disposed thereunder. 
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[0051] The plasma treatment generally includes providing the hydrogen 
containing gas including hydrogen, ammonia, water vapor (H2O), or combinations 
thereof, or alternatively oxygen, to a processing chamber at a flow rate between 
about 100 seem and about 1000 seem, preferably between about 500 seem and 
about 1000 seem, and generating a plasma in the processing chamber. The plasma 
may be generated using a power density ranging between about 0.15 W/em and 
about 5 W/cm^, which is a RF power level of between about 50 W and about 1500 
W for a 200 mm substrate. The RF power can be provided at a high frequency such 
as between 13 MHz and 14 MHz. The RF power can be provided continuously or in 
short duration cycles wherein the power is on at the stated levels for cycles less than 
about 200 Hz and the on cycles total between about 10% and about 30% of the total 
duty cycle. The plasma may be generated remotely, such as by a remote plasma 
source, or may be generated by a microwave in addition to or in replace of a RF 
power. 

[0052] The processing chamber is generally maintained at a chamber pressure of 
between about 1 Torr and about 10 Torr, preferably between about 3 Torr and about 
8 Torr. The substrate is maintained at a temperature between about 100°C and 
about 300X during the plasma treatment, preferably, between about 200X and 
about 300X. The plasma treatment may be performed between about 15 seconds 
and about 120 seconds, or as necessary to remove the amorphous carbon material. 
The processing gas may be introduced into the chamber by a gas distributor, the 
gas distributor may be positioned between about 100 mils and about 2000 mils from 
the substrate surface, preferably positioned between about 200 mils and about 1000 
mils, during the plasma treatment. However, it should be noted that the respective 
parameters may be modified to perform the plasma processes in various chambers 
and for different substrate sizes, such as 300 mm substrates. 

[0053] A suitable reactor for performing the amorphous carbon material 
deposition and the hydrogen containing gas or oxygen containing gas plasma 
removal of the amorphous carbon materials described herein may be peri'ormed in a 
DxZ™ chemical vapor deposition chamber, a Producer™ processing chamber, XT 
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Producer™ deposition cliamber, the XL deposition cliamber, tlie ASP™ processing 
chamber, the ASP+™ processing chamber, and the Axiom™ processing chamber, 
all commercially available from Applied Materials, Inc., of Santa Clara, California. 

[0054] A core encapsulation material 370, typically of a cladding material 
described herein may be deposited on the core material structure 360 as shown in 
Figure 3E. 

[00551 Alternatively, the core encapsulation material 370 may then be polished to 
near the core material structure 360, such as within 15 microns of the core material 
structure 360. With the smooth side walls formed from the etch process described 
for the core material 320, the core encapsulation material 370 is believed to fonm a 
side and top cladding layer with minimal optical degradation and propagation loss. 
The core encapsulation material may also form the upper cladding layer. 

[0056] Alternatively, an alternative upper cladding layer 380 may then be 
deposited on the core material 320 and core encapsulation material 370 to further 
encapsulate the structure 360 as shown in Figure 3G. The upper cladding layer 380 
is generally formed of the same material by the same or similar process as the lower 
cladding layer 310 and may have similar optical properties. Alternatively, the upper 
cladding layer 380, the core ericapsulation material 370, and the lower cladding 
material 310 may have different optical properties depending on the requirements of 
the structure 360 being formed and the requirements of the operator. Optical 
properties may be modified by using different cladding material or by varying the 
dopant concentrations in the deposited cladding materials. Alternatively, the core 
encapsulation material 370 and the upper cladding layer 380 may be the same 
material formed by the process shown in Figure 3E but with only a partial removal of 
material during the planarization process. 

[0057] For example, an upper cladding layer 380 of silicon dioxide is deposited 
by introducing reactant gases comprising silane, phosphorous, derived from TEPO, 
and boron, derived from TMB, into the PECVD reactor and heating between about 
350X and about 550X to fomi an upper cladding layer of about 5 microns in 
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thickness. The resultant structure Is then heated at a temperature between about 
950X and about 1 100°C for up to 4 hours. The high temperature anneal transforms 
the layer into optical quality glass and reflows to assure conformal coating of the 
core material 320. The deposition and annealing process may be repeated a 
number of times to produce a layer of the desired thickness. The thermal process 
may be used to reflow the deposited materials and planarize the surface of the 
deposited material. The addition of dopants, such as boron, to the upper cladding 
layer 380, is to lower the reflow temperature to enhance the reflow . process and 
smoothly cover the core material 320. 

[0058] While the foregoing is directed to embodiments of the present invention, 
other and further embodiments of the invention may be devised without departing 
from the basic scope thereof, and the scope thereof is determined by the claims that 
follow. 
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